Reaggregation of dispersed retinal cells of the chick embryo leads to histotypic retinospheroids in which the laminar organization remains incomplete: photoreceptors form rosettes which are surrounded by constituents of the other retinal layers. Here, for the ¢rst time, a complete arrangement of layers is achieved in cellular spheres (stratoids), provided that fully dispersed retinal cells are younger than embryonic day E6, and are reaggregated in the presence of a monolayer of retinal pigmented epithelium (RPE). A remarkable mechanism of stratoid formation from 1 to 15 days in vitro is revealed by the establishment of a radial MÏller glia sca¡old and of photoreceptors. During the ¢rst two days of reaggregation on RPE, rosettes are still observed. At this stage immunostaining with vimentin and F11 antibodies for radial MÏller glia reveal a disorganized pattern. Subsequently, radial glia processes organize into long parallel ¢bre bundles which are arranged like spokes to stabilize the surface and centre of the stratoid. The opsin-speci¢c antibody CERN 901 detects photoreceptors as they gradually build up an outer nuclear layer at the surface. These ¢ndings assign to the RPE a decisive role for the genesis and regeneration of a vertebrate retina.
I N T RO DUC T ION
The vertebrate retina has a remarkable capacity to regenerate, the degree of which depends on the species and the age of the tissue considered. Although rather limited in mammals, including humans, this capacity has prompted experimental ophthalmologists to attempt transplantation of embryonic tissue, including retinal stem cells, into the eye cup in order to restore or at least improve the function of a damaged retina (Turner & Blair 1986; Aramant et al. 1990; del Cerro et al. 1991; Ehinger et al. 1991; Seiler & Aramant 1994) . Although the implanted cells grow well, proliferate and even begin to form laminated tissue parts, these attempts have been unsatisfactory because the outsideî nside polarity of the new tissue remains inverted. A typical histological feature is that cellular rosettes are formed (i.e. Flexner^Wintersteiner rosettes; see Paulus 1995) , with photoreceptors in their internal faces while the other retinal layers are organized around them. As a consequence, regenerating tissue does not integrate into the remaining, non-damaged tissue. Another clinical hallmark is that rosette formation is a typical feature of retinoblastomas, and other tumours (called Homer^Wright rosettes; see Paulus 1995) . Questions that arise concern the biological mechanisms that lead to the formation of rosettes. Under which conditions do cells become organized within rosettes? Are there ways to initiate normal laminar histogenesis of a retina? And ¢nally, do we have appropriate cell culture systems to study these questions?
Interestingly, very similar rosettes are reconstructed in vitro when dissociated embryonic retinal cells of various avian and mammalian species are reaggregated under rotation culture conditions. Cellular spheres, which were ¢rst introduced by Moscona in the early ¢fties (Moscona 1952) , are most suited to investigate the nature of rosette formation (She¤eld & Moscona 1970; BenShaul & Moscona 1975) . These rosetted retinospheroidsöas we have called themöare composed of multiple subareas (Fujisawa 1973) , each of which is centred by a rosette with constituents of all other retinal layers (¢gure 1d) surrounding it. Subunits are interconnected by areas corresponding to the inner plexiform layer (IPL) and non-organized areas. The characterization of the histological structure of spheroids has been described in detail elsewhere (Vollmer et al. 1984 , Layer & Willbold 1989 ; for review, see Layer & Willbold 1993 , 1994 .
Attempts to re-orient the polarity of rosetted spheroids have been incomplete. The best in vitro regeneration system consists of laminatedstratospheroids', which develop if retinospheroids are produced from the eye margin including both retinal pigmented epithelium (RPE) and undi¡erentiated neuroepithelial cells (Vollmer et al. 1984; Layer & Willbold 1989) . In these spheres, the laminar structure closely resembles a normal retina, with the ganglion cell layer (GCL) being the most internal layer and the outer nuclear layer (ONL) next to the surface. However, since tissue dissociation in this system is never complete, the particular contribution of the neuroepithelium and the pigmented epithelium remain somewhat uncertain. Neither RPE, nor neuroretinal tissue on their own are able to develop into stratospheroids. RPE, which is implicated in retinal regeneration (see Stroeva & Mitashov 1983; Hitchcock & Raymond 1992; Layer & Willbold 1993 ; see also ½ 4), seems to play a major role in retinogenesis. For instance, RPE explanted on a nitrocellulose ¢lter strongly promotes cell proliferation and tissue lamination of a retinal explant which is grown on top of it (Liu et al. 1988) . These data are in line with recent observations on . Rotation cultures of retinospheroids as used in this study. As schematically shown in (a), fully dispersed cells from E5 retinae (b) are raised in the absence or presence of an RPE monolayer (c), leading to rosetted spheroids (d) or to stratoids (e.g. see ¢gure 4). (d) shows an F11-stained cryosection of a rosetted spheroid as developed after 9 DIV in the absence of RPE. Note that histotypical constituents of all retinal layers are re-established, including a large photoreceptor rosette (ONL). INL, inner nuclear layer; ONL, outer nuclear layer; OPL, outer plexiform layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Bar 50 mm (c); bar 100 mm (d).
Here we report that rosetted retinospheroids of the E5 chick embryo raised in the presence of an RPE monolayer fully dissolve their rosetted subunits and eventually reorganize into a correctly laminated retinal sphere. In such spheres, which we call stratoids, the photoreceptor layer is oriented towards the external medium, while all other layers are arranged towards the centre of the spheroid.
. M AT E R I A L S A N D M ET HOD S (a) Composition of media
Dulbecco's modi¢ed Eagle's medium (DMEM), F12-nutrient mixture, and Hank's balanced salt solution (HBSS) were all purchased from Gibco (Berlin, Germany). The aggregation medium consisted of DMEM plus 10% foetal calf serum, 2% chicken serum, 0.1% penicillin/streptomycin (all from Gibco), 0.02 mg ml 71 gentamycin (Serva, Heidelberg, Germany), and 2 mM L-glutamine (Seromed, Berlin, Germany).
(b) Preparation of rosetted spheroid cultures
Eggs of white leghorn chickens were purchased from a local hatchery. The preparation of rosetted spheroids was performed as described previously (Layer & Willbold 1989) . Brie£y, eyes from appropriately staged chicken embryos were isolated and collected on ice. Using micro-scissors, the eye cup was divided into central and peripheral parts by cutting around the ora serrata. The cenral part of the retina was separated from the vitreous body, adhering connective tissue and RPE, and then collected in F12-medium on ice. The tissue was incubated in 2 ml of F12-medium supplemented with 50 ml of a 1mg ml 71 trypsin soution (216 Umg
71
, Worthington Biochemicals/Cell Systems, Remagen, Germany) for 4 min at room temperature. Digestion was stopped by the addition of serum-containing aggregation medium. After two washes in F12-medium including tissue sedimentation at 800 rpm for 4 min, the tissues were mechanically dissociated in 2 ml of F12-solution including 200 ml DNase (0.5 mg ml 71 DNase I in F12-medium; 2.838 Umg
, Worthington Biochemicals/Cell Systems) by 30^40 gentle strokes with a round-bored Pasteur pipette. Cells were washed threefold in F12-medium with intermittent sedimentation at 800 rpm for 10 min. Each dish (3.5 cm; Greiner, NÏrtingen, Germany) was allotted 4 Â 10 6 cells in 2 ml of aggregation medium. The dishes were incubated on a gyratory shaker (self-made, 75 rpm, 2.5 cm radius) in Heraeus incubators (37 8C, with 95% air and 5% CO 2 ). The medium was changed every two days.
(c) Preparation of pigmented epithelium monolayer cultures
To isolate the retinal RPE, the central parts of chicken eye cups of embryonic age E6 were incubated in HBSS for at least 10 min at room temperature. The RPE was separated from the sclera in pieces and collected in F12-medium on ice. The tissues were ¢rst incubated in 1mg ml 71 collagenase (0.15 Umg 71 ) and 0.3 mg ml 71 hyaluronidase (1000 Umg
71
; both from Boehringer, Mannheim, Germany) in F12-medium for 10 min at 37 8C and washed once in F12-medium. Cell dissociation was as described for the retina, except that incubation in trypsin was for 10 min. Dissociated cells (4^6 Â 10 5 per dish) were cultured on gelatin-covered dishes (3.5 cm before use, by application of 1ml of a 1% gelatin solution per dish for 30 min, followed by a wash in sterile phosphate buffered saline (PBS).
For cocultures of RPE monolayers with rosetted spheroids, the RPE monolayers were precultivated for seven days to reach con£uency (see ¢gure 1c), before dissociated retinal cells were added. Then the system was incubated as above. The medium was changed every two days. If not otherwise stated, reaggregating spheroids were kept in isolation from the RPE monolayer (including control experiments`-RPE') by a ¢tting plastic insert (`Transwell' culture dishes, Costar, Bodenheim; see ¢gure 1a), whereby medium di¡usion was fully allowed through a membrane with 0.4 mm pores.
(d) Immuno-and lectin cytochemistry
Retinospheroids were ¢xed with 4% formalin (commercial formalin) in PBS for 1h at room temperature. Three washes for 10 min each in PBS followed.The ¢xed spheroids were soaked in 25% sucrose/PBS at 4 8C overnight. Sections of 5^10 mm were cut at À 26 8C on a cryostat (Microm, Heidelberg, Germany). The sections were placed on gelatinized cover slides, dried, and incubated in a moist chamber.
For immunostaining, the sections were dried on a 37 8C, warm plate. To block unspeci¢c binding, the sections were preincubated with 3% BSA/0.1% Triton-X-100/PBS, before they were incubated with the primary antibody for 2 h at room temperature. Three washes with PBS for 10 min each were followed by incubation with the secondary antibody for 60 min at room temperature. If the biotin/streptavidin system was used, a 30 min incubation with the respective £uoro-chrome-coupled streptavidin (Cy3 or £uorescein isothiocyanate [5 mg ml À 1 ]) followed after washing. The sections were washed threefold in PBS for 10 min, and then covered with glycerol-gelatin. For controls, the primary antibody was omitted.
The following primary antibodies were used: mouse-anti-F11 (1/5 dilution from hybridoma supernatant, a generous gift of Dr F. Rathjen, Berlin; incubation 1.5 h), mouse-antivimentin (Boehringer, Mannheim; 50 mg ml
71
, diluted 1/25; incubation 2.5 h), and rabbit-anti-CERN 901 (10 73 dilution of antiserum; incubation 1.5 h; see also Schalken et al. 1990 ). The following secondary antibodies (Dianova, Hamburg, Germany and Amersham^Buchler, Braunschweig, Germany) were used: rabbit-anti-mouse-Texas Red, goat-anti-rabbitTexas Red (both 15 mg ml 71 ); sheep-anti-mouse-biotin; donkey-anti-rabbit-biotin (both 10 mg ml 71 ). For peanut lectin staining, biotinylated PNA (lectin from Arachishypogaea; speci¢c for -Gal(1-3)GalNAc;50 mg ml 71 at1/100 dilution; incubation 1.5 h; Sigma) was used.
(e) DAPI staining
If additional DAPI (4',6-diamidin-2-phenylindol-dihydrochloride; Boehringer, Mannheim) nuclear staining was performed, 100 ml of a 0.1 mg ml 71 DAPI solution in PBS was applied to the slides, before they were washed for the third time.
(f) Microscopy and microphotography
Photomicrographs were taken with a Zeiss Axiophot or an Olympus IMT-2, both equipped with epi£uorescence and Nomarski-optics. The ¢lm used was Kodak Tmax 400.
R E SU LT S (a) Reaggregation of retinal cells into histotypic rosetted spheroids': age of cells in£uences degree of structural di¡erentiation
In the absence of RPE,`rosetted spheroids' which are derived from fully dissociated cells from E5^E7 (embryonic days 5^7) retinae (¢gure 1b) are composed of all retinal layers organized around inner rosettes (¢gure 1d). They are the earliest histotypic structures (see ¢gure 6, upper right; cf. Layer & Willbold 1993) . The orientation of layers was inverted in comparison to a normal retina (see ½1). The degree of di¡erentiation reached in rosetted spheroids depended on the age of the original retinal tissue. In the experiment presented in ¢gure 2, spheroids were reaggregated from cells from E6 (upper) and E5 retinae (lower), and harvested after 3, 6, 9 and 12 days in vitro (only the results for 12 days are presented). Sections were double-stained with the F11 and the opsin-speci¢c CERN 901 antibody, to reveal the general laminar and radial structure, and di¡erentiating photoreceptors. After three days in culture, the number of rosettes is much higher in an E5-derived culture than in an E6 culture. After 9 DIV (days in vitro) the number of rosettes decreased in all types of cultures; the degree of organization was higher in spheroids from younger tissue. In E5 tissue large and even IPL-matrices (open stars in ¢gure 2) and the inner nuclear layer (INL)-stretches are organized circularly around them in an obvious arrangement.
In the absence of RPE, a large number of cells developed along the photoreceptor pathway, as shown by their rhodopsin immunoreactivity in spheroids from both stages (¢gure 2, right). They occurredöas expectedö INL-like areas. INL-and IPL-like matrices remained free of opsin staining.
In summary, the degree of di¡erentiation was highest when reaggregation was made with cells from E5 retinae; in no case did we observe normally laminated tissue.
(b) Complete reconstitution of retinal structure is achieved in vitro only if retinal cells are younger than E6, and RPE is present An entirely di¡erent development of spheroid structure was observed when cells are reaggregated on an RPE-monolayer (see scheme in ¢gure 1a). With reaggregating cells from E7 or E6 retinae (E7, E6, RPE of ¢gure 3), spheroids raised in the presence of RPE for 12 days had a di¡erent appearance (cf. with ¢gure 2). The IPL-matrices were thinner, and fewer organized parts of the INL were detected; rosettes were rare. Instead, stretches of organized ONL, OPL (outer plexiform layer) and INL (see stars in E7, ¢gure 3, left) had arranged themselves appropriately next to the surface of the spheroid. This became more obvious when starting with younger cells. With reaggregating E6 cells (E6, RPE), the tendency to organize a super¢cial ONL was more pronounced. Along with an epithelial part of an ONL, we also detected a strongly stained OPL plus the corresponding part of an INL. Most remarkably, a complete reconstitution of retinal structure was achieved in vitro, when the cells were young enough and RPE was present (E5, RPE). Under these conditions the entire spheroid presented a normal retinal lamination (100% of spheroids are fully laminated at E5; only up to 20% at E6), with a super¢cial ONL and the other layers in sequence inside. The complete laminar organization of such spheres, which we call stratoids, is evinced by a number of markers (¢g-ures 3, 4). This pattern is fully homologous with layers of the normal retina. It is notewothy that the radially oriented part of the F11 staining is much more pronounced in vitro (¢gure 3) than in vivo (not shown; cf. Willbold et al. 1997) .
Double staining with the opsin-speci¢c antibody CERN 901 (¢gure 3, right) demonstrated the localization of photoreceptor precursors in the outermost cell layer; this contrasts with the totally di¡erent opsin pattern in the absence of RPE (¢gure 2, right). Comparing spheroids from E7, E6 and E5 cells, the opsin-positive cells con¢rmed the increase in the formation of an ONL. Thus, an almost complete ONL was present in E6 spheroids, while the ONL of E7 spheroids remained incomplete (compare stars in E7, left and right).
To further characterize di¡erent cell types and laminar structures in stratoids, we used a number of markers on sections of 15-day-old stratoids derived from E5 retinal cells (¢gure 4). DAPI reveals that cell bodies were arranged in three layers, including a segregated layer of ganglion cells (¢gure 4a). The nuclear layers were interrupted by a narrow outer space and a wide inner space. These spaces were stained by F11 (¢gure CERN 901 stained the outer layer and characterized it as a photoreceptor layer, e.g. ONL (¢gure 4c; cf. ¢gure 3, right). The antibody for vimentin delineated the radial glia sca¡old (¢gures 4d, 5`15'). At higher magni¢cation, side protrusions at the level of the OPL and the IPL can be recognized (cf. circle and square in ¢gure 5`15'). All these markers demonstrate the degree of di¡erentiation within this retinal network (see ½ 4).
(c) On the mechanism of stratoid formation
We further investigated the developmental history of stratoids by staining sections at sequential stages with vimentin (¢gure 5, ¢gure 6c,d) and F11 antibodies (¢gure 6a,b). Directly following reaggregation at day 1, the system tended to form rosettes (white circles in ¢gure 5,`CON 1') and IPL-like areas (black dots in ¢g-ure 5,`1' and`CON 1'). Vimentin staining was more strongly expressed towards IPL-like areas than towards rosettes (¢gure 5,`CON 1'). At this early stage, the structures resemble those in the absence of RPE. By DIV 3, processes began to organize in a radial fashion by making contacts with the surface (as detected by F11; see ¢gure 6a) and the inner base of the spheroid, where an ILM (inner limiting membrane) often became detectable (¢gure 6c). Between DIV 3 and DIV 6, this dramatic restructuring of the radial glia was revealed by vimentin-positive ring-like structures. These increased in size to become`organizing centres'. At multiple sites, their outward radial processes form coherent bundles. Their outer ends connected to the surface, while their inner endfeet begin to organize and condense at several areas within the spheroid. Within the next two to three days, these organizing centres fused, thus constituting a coherent sca¡old for the stratoid. A number of particularly thick bundles seemed to provide a star-like primary support (¢gure 5,`4' and`6'). Between DIV 9 and DIV 15 the MÏller glia sca¡old further di¡erentiated (¢gure 5,`9' and 15'); e.g. side processes at the level of the IPL (open circle, ¢gure 5,`15') and the OPL (open square, ¢gure 5,`15') became distinct (see also ¢gure 4d, for higher magni¢cation). The strongly polarized vimentin staining became equally distributed over the whole length of a radial process only after it had made contact with the surface (¢gure 5,`9' and`15').
. DI S C U S S ION (a) A complete reconstitution of a retina from fully dissociated cells is possible
For more than 40 years, retinospheroids have been used to study histotypic retinal tissue restoration (Moscona 1952; for further references, see ½ 1), although a complete and correct laminar arrangement had never been achieved from a fully dissociated cell population. For the chick system, two factors have now been elucidated that are decisive for a reconstitution of a properly laminated spheroid: (i) they only develop in the presence and RPE is present (see E5, + RPE). Otherwise, experiment is similar to that shown in ¢gure 2. Note that correctly laminated sections are already detected at E7 (between stars; see both F11 and opsin). In presence of RPE, opsin expression is restricted to the surface cell layer (cf. ¢gure 2), revealing the increasing completeness of an ONL from E7 to E5. Bar = 100 mm.
of RPE tissue, and (ii) provided that the retinal cells are younger than E6.
(b) RPE regulates genesis and regeneration of the retina
In earlier studies we produced so-called strati¢ed spheroids (Vollmer et al. 1984) . On a ¢rst glimpse, these stratospheroids are similar to stratoids in structure, presenting a normal and complete arrangement of layers. They were produced from E6 tissue of the peripheral eye cup, including both neuroepithelial and pigmented tissue (Layer & Willbold 1989) . The pigmented cells formed a cell core which was in direct contact with the retinal part of the spheroid (Willbold et al. 1996) . These studies had already indicated the signi¢cance of RPE for a correct retinal lamina organization. In one respect, however, they were di¡erent: the original tissue from the eye margin could never be fully dispersed, since the neuroepithelial tissue from the eye margin adheres very tightly to the RPE. Thus, at the onset of the reaggregation period the cells might not have been fully dispersed and there would have been histotypic structures within the cell clumps (similar to an explant). Therefore, the role of the RPE on retinal development remained ambiguous.
Here, we have used a fully dispersed retinal cell population, allowing the e¡ect of the RPE to be more precisely de¢ned. Since the RPE was distant from the developing spheroid (see below), its in£uence must have been conveyed by a di¡usible mechanism. In particular, there is no direct cellular contribution of the RPE to the cell population of the stratoid (e.g. by transdi¡er-entiation). While the age of the retinal tissue is decisive for formation of stratoids, the age of the RPE can vary.
(c) RPE factors
Since the RPE in our experiments was used as a monolayer, the rotating retinal cells (or spheroids) had no direct contact with them. The same e¡ects were achieved, when cells were separated by a membrane insert (see scheme of ¢gure 1a), or when supernatants from RPE cultures were applied. These experiments show that the RPE acts by way of di¡usible factor(s), the chemical nature of which is unknown. We have failed to achieve comparable e¡ects by using a number of growth factors, including bFGF, NGF, BDNF, taurine, retinoic acid and others which a¡ect photoreceptor development. All these factors are thought to be mainly retinaborne. Several pigment epithelium-derived factors have been described (Spoerri et al. 1988; Tombran-Tink et al. Proc. R. Soc. Lond. B (1997) 1991; Campochiaro 1993), and should be examined further.
(d) The RPE might act via the MÏller glia on retinogenesis
The reorganization of rosetted spheroids into stratoids requires dramatic restructuring within the early reaggregates. MÏller glia sca¡olds are present within the spheroid and at the spheroid surface. This suggests a major role for MÏller glia cells in layer formation of the retina, as has been suggested earlier (Willbold et al. 1995 .
It is remarkable that following reaggregation on a RPE monolayer, the system ¢rst forms rosettes. Only after 2^3 days, the formation of`organizing centres' is detectable at the level of the ILM. It is reasonable to assume that the RPE promotes the stabilization of glial endfeet at the ILM; (e.g. by endfeet di¡erentiation and production of the ILM). An ILM is absent in control Figure 5 . Restructuring of the radial glia during formation of a stratoid shortly after reaggregation of dispersed cells from DIV 1 (1) to DIV 15 (15), as revealed by anti-vimentin staining. Except for control (CON 1, after 1 DIV), E5 retinal cells are reaggregated on an RPE monolayer. During the ¢rst few days, the system tends to form early IPL-like matrices (black dots in`1' and`CON 1') and rosettes (white circles in CON 1); from DIV 4 the IPL matrices turn into organizing centres (see 4, 6), which ¢nally will fuse (see 9, 15), thereby constituting a coherent stratoid. Note that in the absence of RPE, a strati¢ed structure is never achieved (CON 1; compare ¢gure 1, upper row). Bar 50 mm, in all cases except bar 100 mm in 9 and 15. rosetted spheroids (raised in the absence of RPE; see Wolburg et al. 1991) .
(e) RPE a¡ects retinal di¡erentiation
In the presence of RPE, the formation of an ONL around the surface of the spheroid represents an ideal marker for following the reorganization process, since it is only one cell thick and ultimately holds only opsin-positive cells. In the absence of RPE, the distribution of opsin-positive cells is markedly di¡erent, with cells being found in rosettes and in non-organized areas throughout the spheroid. Their number is much larger than in the presence of RPE. Thus, RPE not only a¡ects spatial arrangement, but also diminishes the numbers of photoreceptors. Moreover, the RPE also strongly decreases the di¡erentiation marker acetylcholinesterase and promotes cell proliferation (Layer et al. 1997) .
(f) Cell lineage under RPE control?
Regeneration of the lesioned chicken retina is restricted to early embryonic stages (Coulombre & Coulombre 1965 . Concerning stratoid formation, it is important that most cells divide in vitro. The necessary cells are not yet present in the dispersed cell population, but rather are produced from respective stem cells in vitro. Even in an in vivo retina, rosettes instead of a regular lamination will form, if cell proliferation is halted at early stages of retinogenesis lineage (Liu et al. 1986) . It is well known that the ability of retinal stem cells to produce all cell types decreases as the retinal tissue grows older (Fujita & Horii 1963; Jacobson 1991; Kahn 1974; Price et al. 1987; Holt et al. 1988; Wetts & Fraser 1988; Altshuler et al. 1991) . The major cell types in the chicken retina are produced between E4 and E10 (Kahn 1974; Prada et al. 1991) , the large cell types (ganglion, photoreceptors, amacrine, horizontal cells) being born before the smaller ones (bipolar, MÏller cells). By E6, most ganglion cells have become postmitotic. Since a full laminar restoration is feasible only to E5, one may speculate that indeed stem cells that can provide a complete lineage including enough ganglion cells are a prerequisite for stratoid formation. Yet our earlier studies on stratospheroids have shown that a complete laminar organization is possible even in the absence of a large number of ganglion cells. Possibly, the number of other early born cell types is more crucial in that respect.
To form a completely laminated stratoid, MÏller cells seem to be most crucial. Does the RPE in£uence their production? At ¢rst, this seems unlikely, since the major percentage of MÏller cells are considered to be born only after E8/E9 (Reichenbach & Robinson 1995) . However, a certain percentage of MÏller cells are present already during earlier periods of retinogenesis (Uga & Smelser 1973; Meller & Tetzla¡ 1976; Lemmon 1985; Prada et al. 1989; Chan-Ling 1994; Layer & Willbold 1993; Willbold et al. 1996) . Thus, it remains a provocative possibility that the RPE regulates the number of MÏller cells. 
